Objective: To examine whether the same amount of energy intake has different consequences on body mass index (BMI), depending on the source of energy from specific macronutrients. Design: Cross-sectional study, in the context of the European Prospective Investigation into Cancer and nutrition (EPIC). Setting: Communities all over Greece. Subjects: A total of 27 862 apparently healthy volunteers, men and women, ages 25 -82 y. Interventions: None. Methods: Dietary information was collected through an interviewer-administered semi-quantitative food frequency questionnaire. In the context of a cross-sectional analysis, we calculated changes of BMI per increments of energy intake from protein, carbohydrates, saturated, polyunsaturated and monounsaturated lipids and ethanol, controlling for mutual confounding and other confounders, among all participants, and after exclusion of under-reporters and=or those on a diet. Results: Protein intake was positively associated with BMI. The association was evident when nutrients were not mutually adjusted for and increased after mutual adjustment among nutrients (b ¼ 0.80 kg=m 2 per 418.4 kJ or 100 kcal increment, 95% confidence interval 0.55 -1.06 for men, and b ¼ 1.59, 95% CI 1.30 -1.88 for women), as well as after exclusion of underreporters and=or those on a diet. The effects of other macronutrients were less substantial or consistent. Conclusions: There is evidence indicating that protein intake is conducive to obesity. Moreover, our data suggest that neither saturated or monounsaturated lipids nor carbohydrates are likely to play a major role in increasing BMI over and beyond that indicated by their energy content.
Introduction
A high body mass index (BMI) increases morbidity and mortality from several diseases, including cardiovascular diseases, diabetes mellitus and some forms of cancer (Garrow, 1986; Bray, 1996; World Cancer Research Fund & American Institute for Cancer Research, 1997; Seidell, 1998b) . In addition, obesity is generally considered as an aesthetic drawback in most modern societies. Reduced energy intake and increased physical activity are the only established approaches to reducing BMI that can be sustained over long periods of time (Klesges et al, 1992; Nelson & Tucker, 1996; Rising et al, 1994; Schulz & Schoeller, 1994; De Groot & van Staveren, 1995; Parker et al, 1997; Trichopoulou et al, 2000) . There is also an extensive literature, from both animal experiments and human studies, addressing the question whether specific energy-generating nutrients affect BMI differentially, after accounting for their energy content (Slattery et al, 1992; Stubbs et al, 1997; Willett, 1998a; West & York, 1998 ). There appears to be no agreement among investigators, with the majority considering that energy from lipids is more conducive to an increased BMI than energy from other macronutrients (Astrup et al, 1997; Bray & Popkin, 1998; Hill et al, 2000) , whereas a differential effect is not accepted by other investigators (Willett, 1998a; Seidell, 1998a) .
In the context of the Greek segment of the European Prospective Investigation into Cancer and nutrition (EPIC), we have undertaken a large cross-sectional study, relying on validated questionnaires for nutritional intake and physical activity, and standardised somatometric measurements. The objective of this study was to assess whether the same amount of energy intake has different consequences on BMI, calculated as the ratio of weight in kilograms over square of height in metres. depending on the source of energy from protein, carbohydrates, various forms of dietary lipids or ethanol.
Methods
A validated semi-quantitative food frequency questionnaire was administered, from 1994 to 1999, by specially trained interviewers to 27 862 apparently healthy adults, men and women, aged 25 -82 y. The study subjects were recruited from regions all over Greece in order to participate in the Greek component of the EPIC study. EPIC is a multi-country prospective cohort study investigating the role of nutrition and other lifestyle and environmental factors in the aetiology of cancer and other chronic diseases (Riboli, 1992) . Each participant signed an informed consent form before enrolment.
Somatometric measurements concerning weight, height, sitting height, as well as waist and hip circumferences were also undertaken. Subjects were measured without shoes, lightly clothed and without any restrictive underwear.
The semi-quantitative food frequency questionnaire was validated during the pilot phase of the study (Gnardellis et al, 1995; Katsouyianni et al, 1997) . The questions covered the average frequency of consumption of approximately 150 food items and beverages over a period of 1 y. Standard portion sizes were used for the estimation of consumed quantities (Trichopoulou, 1992; Gnardellis et al, 1995) . Nutrient intakes were calculated through a food composition database adapted to accommodate the characteristics of the Greek diet (Trichopoulou, 1992) . Intakes were expressed as averages per day, taking into account seasonal variation (Katsouyianni et al, 1997) . For this paper, only energy-generating nutrients (protein, carbohydrates, saturated, polyunsaturated and monounsaturated dietary lipids and ethanol) were considered.
Occupational and leisure-time activities were assessed by the use of a special section of the lifestyle questionnaire, which was also used for the overall evaluation of physical activity level. Details have been given elsewhere (Trichopoulou et al, 2000) . Briefly, the average time per day spent on job, household, sporting and other activities, as well as on sleep, was calculated. Each activity was assigned a MET value (the ratio of the metabolic rate associated with a given activity to the resting metabolic rate) recorded in published tables (Ainsworth et al, 1993) . The time spent in each of the above activities was multiplied by the MET value of that activity, and all MET-hour products were summed to give a total MET-hour score for the day (Martinez et al, 1997) . This score essentially corresponds to the amount of energy per kilogram of body weight expended by an individual during an average day.
When energy intake is held constant, increasing energy intake from a particular nutrient presupposes reduction of energy intake from one or more of the remaining energygenerating nutrients. Because this complicates interpretation, we have considered as reliable only findings that were shown to be both robust in the different models and consistent in the various study subgroups (eg those defined by age, smoking status, extent of under-reporting etc).
Multiple linear regression was used to evaluate the effects of energy-generating nutrients and ethanol on BMI, whilst adjusting mutually, as well as for possible confounding variables such as age (in specified age-groups as shown in Table 1 , categorically), smoking habits (current smokers, exsmokers and never smokers, categorically), educational level expressed as years of schooling (in four groups as shown in Table 2 , categorically) and energy expenditure (in 5 METhours per day increments, continuously). The large sample size assures the validity of the normal distribution approximation for statistical testing and estimation. Separate models were fitted for men and women (all non-pregnant), as well as for all participants and those who remained after exclusion of under-reporters (ie subjects with a calculated energy intake less than 1.14 of the basal metabolic rate; Schofield, 1985; Goldberg et al, 1991; Shetty et al, 1996; Gnardellis et al, 1998) and=or subjects on any kind of diet. The parameter coefficients for men and women were compared, when needed, through standard statistical procedures.
Several sets of linear regression models were fitted, but the results were generally similar although estimates of the parameters may have occasionally varied. For clarity, we present here only results from the main two sets of these models. In the first set of models, the effects on BMI of energy intake from each energy-generating nutrient is shown, controlling for age, educational level (years of schooling), tobacco smoking, energy expenditure and total energy intake, but not for the other energy-generating nutrients. In each of these models, energy intake from a certain macronutrient was evaluated using standard methods as recommended by Willett and Stampfer (1986) and Willett (Willett, 1998b) , but no attempt was made to adjust for energy intake from the remaining energy-generating nutrients. In the second set of models, energy intakes from all the energy-generating nutrients were simultaneously included, adjusting also for age, educational level (years of schooling), tobacco smoking and energy expenditure. In the later Macronutrient intake and BMI A Trichopoulou et al models, total energy intake was not included to avoid collinearity -the so-called energy partition model (Willett, 1998b) . All the analyses were performed with the STATA statistical package (Stata Corporation, 1999) . In the Results section, all partial regression coefficients express changes in BMI for an increment of energy intake from the respective nutrient of 418.4 kJ or 100 kcal. Tables 1 and 2 show the distribution of study participants, BMI, tobacco smoking status and educational status (years of schooling), by age and gender, for all participants, and after exclusion of energy intake under-reporters and=or those on a diet of any type. The high prevalence of smoking among men and among younger women is well known for the Greek population (Table 1 ). There are, by design, more women than men in the study and about one half in both genders claims to be on a diet of some type and=or are considered as under-reporters of energy intake ( Table 1) . The level of education is, as expected, remarkably high in younger compared to older Greek people. Thus, among men, 59.9% of those younger than 40 y have more than 12 y of schooling, whereas, among those 65 y or older, the corresponding figure is 3.9% (Table 2 ). The increase of BMI until about the age of 65 (eg from a median of 27.3 and 25.0 kg=m 2 among men and women, respectively, younger than 40 y, to a median of 28.4 and 29.8 kg=m 2 among men and women, Macronutrient intake and BMI A Trichopoulou et al respectively, 55 to 64-y-old) is in line with expectations. So is the association of under-reporting with increased BMI (Pvalue from t-test for unequal variances less than 0.001). Table 3 presents quartiles of total energy intake (in kJ) and percentage energy intake from specific nutrients by gender, for all participants, and after exclusion of energy intake under-reporters and=or those on a diet of any type. Again, the data are compatible to expectations, because Greeks are known to consume more than 40% of total energy intake from lipids, particularly in the form of olive oil (Trichopoulou et al, 1993) . Note that the values in Table 3 denote the quartiles of energy intake from the different nutrients. Note that the values denote the quartiles of energy intake from the different nutrients. Therefore, the figures in the columns do not add up to 100% and the sums increase, as they should, from quartile 1 to quartile 3. 
Results
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Therefore, the figures in the columns of Table 3 do not add up to 100% and the sums increase, as they should, from quartile 1 to quartile 3. Table 4 presents the partial regression coefficients expressing changes of BMI per 418.4 kJ (100 kcal) increments of energy intake from a particular nutrient, adjusting for age, educational level (years of schooling), tobacco smoking, energy expenditure and total energy intake (left side), or for age, educational level (years of schooling), tobacco smoking, energy expenditure and energy intake from the remaining energy-generating nutrients simultaneously (right side). The coefficients are presented when all participants have been considered (upper panel), as well as, after exclusion of under-reporters and=or those on a diet of any type (lower panel). The striking finding in this table is the significant positive association between protein intake and BMI. The association is evident when nutrients are not mutually adjusted for (ie left upper side of Table 4 ) and tends to increase after mutual adjustment for nutrients (right upper side of Table 4 ), as well as after the exclusion of underreporters and=or those on a diet of any type (lower panel of Table 4 ). The positive association of protein with BMI is also substantial, because the respective partial regression coefficients are considerably larger, in absolute terms, than those of all other nutrients. The lack of independence hinders formal statistical testing, but it is noteworthy that the confidence interval of the partial regression coefficient for protein does not overlap with those of the partial regression coefficients for the other macronutrients. There is also evidence that the protein partial regression coefficient is larger among women than among men (P 0.001 for the significance of interaction term between gender and protein intake in all models involving mutual adjustment among nutrients).
With respect to carbohydrates, there is evidence of an inverse association that persists after mutual adjustment among nutrients. However, the association is not significant when under-reporters and=or those on a diet are excluded and, in all instances, the regression coefficients are, in absolute terms, 10 times smaller than those concerning protein.
With respect to saturated lipids, the evidence is conflicting and, thus, unconvincing. There is evidence for a significant positive association when nutrients are not mutually adjusted for among men, but the association becomes inverse, and significantly so among women, after mutual adjustment among nutrients (P < 0.001). With respect to polyunsaturated lipid intake, there is evidence of a positive, statistically significant, but weak association with BMI, the evidence being generally weaker among men, compared to women. Regarding the intake of monounsaturated fat its effect, although generally not significant, appears to be positive and statistically significant among women, after adjustment for other macronutrients (right side, upper and lower panel of Table 4 ). When lipids are considered together, as total lipid intake, the respective regression coefficient is, as expected, a weighted average of the three constituent groups, but conveys no additional information.
Finally, the evidence for ethanol intake appears compatible with an inverse association with BMI among women, whereas the association among men is weaker especially in regression models where all energy-generating nutrients are mutually adjusted for (right side of Table 4 ).
Discussion
The present study is based on data that are both observational and cross-sectional in nature, and thus has the drawbacks inherent in these approaches (Willett, 1998b; Trichopoulou et al, 2000) . However, efficient analyses of cross-sectional data represent a valuable initial step in identifying relationships between diet and health-related outcomes. Moreover, intervention and prospective cohort studies have their own weaknesses. Thus, they can rarely be large enough to allow the documentation of other than very strong nutritional associations. Furthermore, they depend on long-term dietary compliance (intervention studies) or frequently repeated dietary measurements (observational cohort studies). Observational cross-sectional investigations can thus be useful, particularly when they are large and rely on strict protocols and standardised instruments and procedures. This study is one of the largest in this field and has relied on questionnaires that have been detailed, standardised, validated and administered by specially trained interviewers (Gnardellis et al, 1995; Katsouyianni et al, 1997; Pols, et al, 1997) .
The analysis of data from observational nutritional studies is not straightforward and several issues remain controversial. Prominent among them is the inability to specifically evaluate the role of changes in the intake of any particular nutrient alone, while controlling for total energy intake. It has been pointed out in the literature (Wacholder et al, 1994; Willett, 1998b ) that assessment of differential effects of energy-generating nutrients on BMI (or other outcomes) through standard regression procedures is not straightforward. This is because keeping total energy intake constant and evaluating the consequences on BMI of increasing energy intake from a particular nutrient presupposes reduction of energy intake from one or more of the remaining energy-generating nutrients.
Additional complications arise from the varying extent of misclassification in the reported food consumption and the estimated nutrient intake. Sources of misclassification may be gender or age-related or may be unidentifiable; moreover they may have different consequences depending on whether a particular nutrient is the focus of the analysis or serves as a confounder to be controlled for (Willett, 1998b) .
Given these problems and uncertainties surrounding nutritional observational data and their analysis on the one hand, and the difficulty of undertaking large long-term nutritional interventions on the other, it seems prudent to rely for aetiological inferences only on empirical associations Macronutrient intake and BMI A Trichopoulou et al that are strong and consistent. Thus we have investigated the effect of protein, carbohydrates, various forms of dietary lipids and ethanol on BMI by means of different linear regression models, and we have considered as reliable only findings that were shown to be both (i) robust in the different models, (ii) consistent when under-reporters (Gnardellis et al, 1998) and=or participants on a diet of any type were excluded from the analysis, and (iii) consistent in subgroups defined by age, smoking status, etc (data not shown). Under these criteria and contrary to expectations, the strongest and most robust association in these data was the positive one between protein intake and BMI, after adjusting for demographic variables, tobacco smoking, total energy intake and physical activity. Given the very large sample size, the slight positive skewness of the distribution of BMI does not affect the validity of results relying on traditional analysis of variance and multiple regression and, in any case, log transformation of BMI generated essentially identical results.
There were other findings of interest in the present investigation, although these were less consistent (Table 4) . Thus, the positive association between protein intake and BMI is substantially and significantly stronger among women. Polyunsaturated lipids appear to be positively associated with BMI in both genders, but the association, although statistically significant, is generally much weaker than that concerning protein. Lastly, and again mostly among women, there is evidence that, for a given total energy intake, ethanol intake is inversely associated with BMI. Nevertheless, we are reluctant to embark on biological speculation on the basis of these results. The large size of the study can make results of minor magnitude and questionable importance statistically significant, and the apparent gender interaction that seems to magnify most findings among women could be attributed to more accurate reporting by women. The alternative, that in some way female metabolism is more discriminatory in its response to energy intake from different nutrients, does not have strong scientific foundations. In a parsimonious way, we interpret our findings as suggestive that protein intake is likely to increase BMI in both genders, whereas intake of carbohydrates, saturated lipids, monounsaturated lipids and ethanol are rather unlikely to affect BMI, when total energy intake and expenditure are kept constant. We cannot, however, reject the hypothesis that polyunsaturated lipid intake may increase BMI.
The possibility that energy-generating nutrients may affect obesity in humans in ways over and beyond those accounted for by their energy content has been intensively investigated and several major reviews have evaluated the collective evidence. Most authors are inclined to believe that dietary lipid intake promotes obesity in humans (Astrup et al, 1997; Bray and Popkin, 1998; Hill et al, 2000) as it appears to do in laboratory animals (West & York, 1998) . There are, however, other investigators who consider the evidence inconclusive, because of the inherent limitations in designing and analysing the studies addressing this complex issue (Willett, 1998a; Seidell, 1998a) . The present investigation does not provide evidence that saturated or monounsaturated fat tend to increase obesity, when energy intake is accounted for. Moreover, the results of the present study are compatible with carbohydrates having no positive association with obesity, in line with the results reported by other investigators (Nelson and Tucker, 1996; Stubbs et al, 1997) . Lastly, ethanol intake was not positively associated with obesity after controlling for energy intake; in fact, an inverse association was evident, particularly among women, possibly explained in terms of socio-cultural norms rather than metabolic mechanisms.
In contrast, we found evidence that protein intake is strongly positively associated with obesity after controlling for energy intake in different ways. The finding is not entirely original (Slattery et al, 1992; Rolland-Cachera et al, 1995) and in fact, it has been hypothesised that protein intake may be the main underlying reason for the increasing prevalence of obesity in the Western world (McCarty, 2000) . Nevertheless, the present study provides the strongest empirical evidence yet that protein intake may be a crucial determinant of obesity in humans.
In conclusion, we have found evidence indicating that protein intake is conducive to obesity. No other association, positive or inverse, in these data was sufficiently strong and consistent to allow reliable biological speculation. Moreover, these data indicate that neither saturated or monounsaturated fat nor carbohydrates are likely to play a major role in increasing BMI over and beyond their energy content. Since both proteins and polyunsaturated lipids represent a relatively small fraction of total energy intake, it would appear that qualitative alterations of diet may have little effect on BMI at the individual level. On the other hand, at a population level, the relatively high protein and polyunsaturated lipid intake of Americans in the United States could explain, in part, the expanding obesity problem in this country and perhaps other countries as well.
